The e¬ective signal in x-ray di¬raction analysis of material properties often contains high frequency (noise) and low frequency (trend) components as additive parts. It is necessary to extract the e¬ective signal from the noise to ensure high quality of signal processing. Digital lters of Volterra type are proposed for ltering purposes and a comparison of Volterra ltration implemented on x-ray di¬raction data versus results from a set of other digital lters is given.
Introduction
In x-ray di®raction analysis of sample microstructure, distribution of crystallite size, various lattice distortions, and many other problems are solved. Real values of physical quantities are in°uenced by the measurement procedure. The e®ective signal is often depreciated due to various reasons and contains a low frequency component (trend) and a high frequency component (noise) as additive parts. To reach high quality of signal processing in spite of the noise superposition phenomenon, it is necessary to extract the e®ective signal from the noise. The use of digital¯ltration methods can be advantageous to accuracy,°exibility, and time independence [1] . Filters are useful especially when there is small chance of improving the signal-to-noise ratio by prolonging the measurements{ e:g:, when an irradiated sample in the x-ray beam undergoes a phase transition, etc. [2, 3] . In this work, a nonlinear Volterra digital¯lter is computed and implemented in x-ray di®raction line pro¯le modeling software. The results obtained are compared with several other digital¯lters used in x-ray di®ractometry. The in°uence of the¯ltering procedure on the pro¯le parameter values sought is also analyzed.
Volterra¯lters
Improvement in quality of output signal after¯ltration can be expected when using nonlinear Volterra¯lters [4] { [7] . The mathematical model of an Mth order Volterra¯lter is given by
In this expression, x(n) and y(n) are the input signal and the¯lter response, respectively. The length of the Volterra¯lter N = N 1 + N 2 + 1 is given by the number of mutually di®erent samples of the input signal which can be applied in the¯lter response computation. The i-dimensional sequence h i;k1;k2;:::;ki is called a Volterra kernel of the i-th order. Volterra digital¯ltration is a nonlinear estimation method. The minimal mean quadratic estimation error criterion is usually used as an estimation error minimizing criterion. Let H i (n) be a vector consisting of elements of a Volterra kernel of i-th order in lexicographic ordering by indices. Let X i (t) be a vector consisting of all sample products expressed by the equation
in lexicographic ordering by indices. Using the vectors H i (n) and X i (t) for i = 1; 2; :::; M Equation (1) can be expressed as
For vectors H i (n) and X i (n), it is possible to de¯ne block vectors H n and X n
Using the vectors H n and X n , Equation (1) can be expressed in the form
According to this equation, the mean quadratic estimation error can be expressed in the form
In this equation,
is the dispersion of estimated values y(n), R xy is the correlation vector de¯ned by
and R xx is the autocorrelation matrix de¯ned by
For optimizing the Volterra¯lter, it is necessary to¯nd the vector H minimizing functional (7). The vector H ¤ with this property satis¯es the condition
Equation (10) represents a system of algebraic equations which can be misconditioned in dependence on X(n) properties. By assuming det R xx 6 = 0, the optimal vector H ¤ is determined by the equation
Experiment and calculations
For the design of the Volterra kernel h i;k1;k2;:::;ki , the method described above was used. In order to estimate the correlation and cross-correlation functions, the di®raction pattern of an Al 2 O 3 sample from NIST (National Institute for Standards and Technology) was used. X-ray di®raction analysis was carried out on an automatic powder di®ractometer URD-6 with a Bragg-Brentano goniometer using CuK¬ radiation (0.154178 nm). The intensities of the di®raction lines were collected with a constant step of 0.02 deg for 2 , with a constant counting time of 20 seconds at each point. Di®raction analysis was performed with the Pearson VII peak function optimized to the experimental data by the genetic algorithm [8] . The vector H ¤ of the Volterra kernel with M = 2 and N = 3 was computed using these optimized data as the¯lter response and using the raw di®raction pattern of the Al 2 O 3 sample as the¯lter input signal. The matrices R xy and R xx as well as the vector H ¤ in Equation (11), were computed in the Matlab environment. The Volterra¯lter VF(2,3) was then implemented into di®rac-tion analysis software used in x-ray di®raction pro¯le analysis. Along with the Volterrā lter, a set of other digital¯lters was integrated into this software{a Golay-Savitzkȳ lter, a moving-average¯lter, the FIR¯lter implemented in di®ractometer URD-6 software, and a bank of wavelet¯lters. The results of¯ltration procedures were visualized and controlled in an interactive way.
Each¯ltration step decreases peak intensity and transforms the pro¯le shape. In order not to lose information coded in the di®raction intensity maxima, it is possible to recover original di®raction data in the di®raction peak region. Only the di®raction pattern background is¯ltered in this case. The depth of noise suppression after various digital¯lter applications is controlled on suitable di®raction pro¯le details.
Experimental di®raction line (104) a CaCO 3 powder sample prepared by milling was used in the digital¯lters properties study. The di®raction pattern of this line is shown in Fig. 1 and the low di®raction angle part of this pro¯le is shown in Fig. 2 .
Illustrations of the results of the Volterra¯lter VF(2,3) procedure in comparison with the results of¯ltration of the real CaCO 3 powder di®raction pattern using the URD-6 di®ractometer, Golay-Savitzky, moving-average and Daubechies wavelet digital lters are shown in Figs. 3 to 7. In using the Volterra¯lter, the output value after thē ltration procedure is determined with nonlinear exploitation of information obtained from a wide interval of the di®raction angles. Estimation of the resultant value is then superior compared with the URD-6, Golay-Savitzky, moving-average and wavelet type [9] digital¯lters. The coarsest deformation of the pro¯le shape in the di®raction maxima region is observed with the moving-average¯lter, which is thereupon unacceptable for ltering of narrow di®raction lines. The visualization of the¯ltering procedure results is suitable for rapid estimation of the noise component in the di®raction pattern and¯ltered data are then used in subsequent di®raction pro¯le modeling procedures. We used the Pearson VII peak function for the selected experimental CaCO 3 di®raction line pro¯le model construction. This mathematical model was then optimized to the experimental di®raction pro¯le by the Nelder-Mead simplex optimization procedure [10] . We used the À 2 -like optimization criterion in the Nelder-Mead simplex procedure de¯ned by the formula
where y o n is the experimental value, y m n is the expected value and n denotes the number of di®raction pro¯le points.
The mathematical model uses the above mentioned function for modeling both K ¬ 1 and K¬ 2 spectral components, and after optimization, the K¬ 2 component is subtracted. The resultant K¬ 1 di®raction pro¯le characteristics FWHM, integral breadth
and integral
are summarized in Table 1 . 
Conclusion
The analysis of the in°uence of di®raction pro¯le characteristics values on microstructure parameters is a complicated problem and results obtained often di®er for various microstructure models. Filtration procedures can reduce noise and improve results in mathematical model optimization procedures. The¯ltration procedure transforms the original di®raction pattern and therefore in°uences resulting values of parameters analyzed. It is necessary to minimize corruption of analyzed information contained in the di®raction pattern during¯ltration. High quality of output signal can be achieved using a nonlinear Volterra¯lter. By applying the Volterra¯lter VF(2,3), it is possible to obtain optimal mathematical modeling of the di®raction pro¯le in comparison with the other digital¯lters mentioned above. 
